Abstract-The request for the provision of services relying on Machine to Machine (M2M) communications have increased a lot over the last years. This has led to the introduction of M2M communications also in the SatCom area. In this context, the design of ultra-low power terminals becomes indispensable. In this paper, a feasibility study for assessing the implementation of an innovative energy efficient technique for ultra-low power M2M SatCom terminals is proposed. By leveraging on the E-SSA (Enhanced Spread Spectrum ALOHA) protocol, the newly proposed technique jointly exploits the use of multiple Spreading Factors (SFs) for transmission together with a smart transmission manager which is able optimize the use of energy harvesting by dynamically deciding when and how to transmit data. The proposed solution has been tested in different SatCom scenarios, demonstrating its effectiveness in terms of overall throughput and energy consumption.
INTRODUCTION
The interest in Machine to Machine (M2M) communications has increased over the last years due to the key role that this technology plays in enabling the Internet of Things (IoT). Many, yet unthought, services and new business models will be created on top a technology which can improve the efficiency of a multitude of vertical applications and generate new ways of solving old and new emerging challenges. M2M communications can occur through multiple technologies, being Satellite Communications (SatCom) a key option, especially when global coverage is necessary. However, the use of satellite links for the provision of M2M communications poses severe challenges that require further exploration of innovative solutions. Terminals must be low-cost and highly efficient in using the scarce energy resources.
Motivated by this, in this paper we present the design, implementation, and validation of a new ultra-low power terminal for M2M SatComs. This terminal is equipped with an energy harvester (i.e. a solar panel in this implementation, even though other harvesters could be used instead) to extend the lifetime of the terminal operation. A logical entity in the terminal, called the transmission-manager, monitors the available energy and decides optimal strategies to transmit to maximize the terminal lifetime. This element dynamically configures key parameters of the Medium Access Control (MAC) layer to optimize performance. We consider the use of an improved version of the Enhanced Spread Spectrum ALOHA (E-SSA) [1] .
E-SSA uses spreading techniques to increase the efficiency of communications by allowing multiple simultaneous devices to access to the transmission medium. Traditionally, E-SSA uses a single and common Spreading Factor (SF) for all the transmitting terminals in a network. However, the idea of using multiple simultaneous SFs to boost the performance for M2M communications was already proposed by the authors in [2] . This was done within the context of a European Project funded by the European Space Agency (ESA), Satnex IV. The results therein presented show that the use of multiple simultaneous SFs benefits the communication system both in terms of overall system throughput, which can be maximized if SFs are used with given percentages, and power consumption, which can be optimized if a transmission strategy is adopted to select the spreading factor to be used for each data packet transmission. This selection strategy, which is based on the state of charge of the battery as well as on the knowledge of the charge required to perform transmission using different spreading factors, is aimed at minimizing the probability that energy is not sufficient to carry out transmissions (i.e., outage probability) as well as at maximizing the overall system throughput. Additional performance gains are achieved by exploiting power unbalancing, i.e., selecting the output power of each terminal at random within a uniform interval [Pmax-ΔP, Pmax] . By doing so, the system throughput is maximized [3] and the power consumption of the terminals is reduced.
The goal of this paper is to describe the results of the feasibility analysis of the implementation of the energy management techniques proposed in [2] for a possible implementation in practical M2M Ultra-low power terminals.
II. PREVIOUS WORK
This paper describes the feasibility analysis carried out to implement in real hardware the Energy Management (EM) strategy designed and evaluated through computer-based simulation in [2] . The main objective of the techniques proposed in [2] was to reduce the energy consumption of mobile terminals in an M2M SatCom network as well as to optimally use the energy captured from the environment through energy harvesters.
The EM strategy consists in reducing the duration of each data transmission by reducing the SF for each transmission depending on the current energy stored in the batteries. Such operation implies that the terminal shall be able to measure the status of its battery and to compute the additional battery consumption due to the following transmissions to select the SF to be used. The main assumptions adopted in [2] were:
1. We consider ultra-low-power satellite terminals for M2M
applications. This means that terminals are powered-up with energy-harvesting devices as solar panels and have a battery where unused harvested energy is stored. The case of no energy harvesting (decaying battery) has been also considered. Terminals can measure the state of charge of the battery and compute the additional energy consumption due to the next transmissions 2. The terminals transmit over the return link (i.e., terminalto-satellite) using the CDMA-based air-interfaces defined by ETSI standard for S-MIM [4] and generally referred to as E-SSA. Two SFs were considered in that work. 3. Terminals share the same bandwidth and are fully asynchronous. This is possible thanks to the fact that E-SSA demodulator implements the Successive Iterative Cancellation (SIC) [5] mechanism within the CDMA demodulator to cancel Multi Access Interference. 4. The size of the info payload to be delivered over the return link is constant, fixed, and common to all terminals. Terminals also transmit with the same fixed output power: power unbalancing was not used. 5. The strategy for selecting the duration of the burst, and then of the SF, is only based on the current energy level of the battery.
The main findings of [2] can be summarized as:
• The use of multiple SFs is beneficial for the SIC process and improves the performance of the E-SSA.
• A significant performance gain in terms of throughput and reduce outage probability, defined as the lack of enough energy to successfully transmit a data packet when requested, can be obtained when multiple SFs are considered and the decision on the SF to use depends on the available energy at the terminal side.
CDMA terminals exploiting S-MIM on the return link [4] access the radio spectrum using the same bandwidth meaning that all the terminals transmit with the same chip rate ℎ / , thus the info bit rate / with a given spreading factor is given by:
where is the code rate (1/3 for S-M2M) and is the modulation index (1 for S-MIM E-SSA which is using BPSK). Finally, the duration of the on-air burst when an info payload of is transmitted is:
All the modes shall have the same bandwidth and then the same chip rate By assuming that all terminals transmit with a fixed power level regardless of the SF used, the energy consumption during transmission is proportional to the duration of the burst and of course to the value of the SF used (see Figure 1 ).
CDMA-based systems, such as E-SSA [1] , foresee the possibility to use different modes 1 with different SFs in order to better adapt the key parameters of a CDMA burst such as bit rate, burst length and processing gain to cope with different communication conditions or user requirements. Here are some examples which assume that the info payload, the bandwidth and the terminal output power are fixed:
1. low SF: higher bitrate and shorter burst length are suitable for applications such as web-browsing where low latency and high bit rate are required. Higher bitrate (bps) also means more robustness against phase-noise. 2. low SF: shorter burst lengths are recommended to reduce energy consumption during transmission. 3. high SF: channel aggregate throughput is usually increased using higher SFs, however, the bitrate per terminal is reduced. 4. high SF: the processing gain resulting from the adoption of CDMA techniques is proportional to 10 • . This means that a CDMA system operating with a higher SF can better cope with noisier communication channels. In addition, a CDMA system like E-SSA can work simultaneously with different satellite transmissions. More generally, in a CDMA system, terminals can transmit bursts with different SFs within the same RF channel. This can be done to maximize the throughput (bit/chip) or, for instance, to optimize the management of the congestion 2 of the channel; this strategy also permits to maximize the battery lifetime or to reduce the battery size.
The transmission algorithm of each terminal is implemented by an internal stage usually called the TX Manager. The main tasks that should continuously be accomplished based on the relevant pieces of information (i.e. local metrics and signaling 2 For instance, congestion can be reduced moving terminals from a SF to another. In other words, if more SFs are used, the throughput is increased.
Figure 1 Qualitative behavior of burst duration vs SF in CDMA system
from the HUB, that corresponds in this work to the gateway onboard the satellite) are the following:
• selection of the SF to be used for the next transmission and decision if the transmission can be carried out (i.e. the Packet Data Unit (PDU) is not transmitted if the state of charge of the battery is too low)
• buffer management: if the transmission is not possible (i.e. battery lack), the info PDU received from the upper layer can be stored in a buffer to delay the transmission up to when, for instance, the channel conditions are better or additional energy is harvested. Finally, if the buffer is full, the oldest info PDU is dropped. The buffer strategy is FIFO (First In First Out).
The number of packets dropped from the buffer because of lack of battery energy (power outage event) is used to calculate the outage probability while the Packet Loss Rate is the probability that a packet delivered on-air is not correctly demodulated at the ground side due to bad channel condition. Finally, the overall probability that an info PDU received from the upper layers is correctly demodulated is
III. MULTI SF TESTING ALGORITHM
A description of a possible efficient algorithm which can be adopted by a CDMA system using N spreading factors , … , (the index is proportional to the value of the SF):
• step#0: wait until an info PDU of bits is generated by the terminal. The PDU is stored within a FIFO tx buffer of size ⋅ bits with ≥ 1. If the tx buffer is full, the oldest PDU is dropped.
• step#1: the TX Manager computes the minimum spreading factor for which the link-budget can be closed. This computation can be based on the FL metrics, signaling received from the HUB or, for instance, on the knowledge of the LEO satellite arrival times. If step#1 cannot be executed (i.e. the channel condition cannot be estimated) it is assumed =
• step#3: the threshold mechanism proposed in the project seems to be a very good compromise between EM efficiency and implementation simplicity for energy management. In addition, it can be easily extended to a multi-SF system by introducing additional thresholds of the battery energy associated to a given SF, as illustrated in Figure 2 . When the battery state of charge 3 is lower than the first threshold 1, the terminal is not allowed to transmit; this threshold should be higher than the charge required to perform a single transmission with the highest SF. In this way, the energy left in the battery is sufficient for the other functions of the terminal 4 to continue working, and if necessary to perform one more transmission before more charge is harvested.
As the charge level increases, higher SFs (which require higher energy for the transmission) can be used up until after the last threshold ( ) the highest SF can be used. Cases where the number of threshold is different from the number of SF could be in principle defined. Finally, a more simplified version of the above mechanism is possible when the battery is undersized or oversized. In this case, some of the lower thresholds can collapse on 1 and higher ones on respectively.
At this stage the TX manager:
o uses the charge harvested and consumed up to this time to compute the current status of the battery charge o selects the spreading factor by comparing the battery charge with the preloaded thresholds o if > and > the oldest info PDU is transmitted and cancelled from the tx buffer
• step#4: if the tx buffer is empty, go to step#0. If the buffer is not empty:
o wait a time equal to then go to step#1; if in the meantime an info payload is received, go to step#0. The TX Manager enters step#1 every time a PDU is received if the tx buffer is empty or every seconds if at least one PDU is present in the buffer. (i.e., can be a fraction of the average time between consecutive PDUs and should be larger than the coherent time of the channel for terminals in mobility) Finally, the optimization of the channel throughput and the management of the channel congestion can be carried out by the HUB signaling to the terminals the probability with which each SF should be used. Bidirectional terminals can use this information to dynamically adapt thresholds in function of received information. A more detailed analysis of the proposed algorithm can be found in [2] .
IV. REFERENCE ARCHITECTURE OF THE M2M TERMINAL
A generic architecture of an M2M terminal implementing energy management equipped with State Of Charge (SOC) meter could be that represented in Figure 3 . Digital signal processing required by the FL Tuner can be executed by the 4 The current consumption during a transmission is can be much higher than that required during the sleep mode (i.e. by a factor higher than 10^3). This means that for every burst of 1 second not transmitted, the terminal can remain in sleep mode for additional 1000 seconds same processing unit which implements the TX Manager (the previous diagram shows a stand-alone tuner). It is assumed that the terminal only manages layer 1 (physical layer) in the sense that the upper layer PDUs (info PDU) to be transmitted over the return link are passed to the terminal by external units such as sensor(s) and User Equipment (UE). If the terminal is bidirectional, the demodulated PDUs and signaling are also delivered to the external unit (UE and sensor). Other parts of the M2M terminals are:
• (optional) The Real-Time Clock (RTC), which uses a physical interrupt in order to wake up the processor during the sleep mode. The processor can be also woken up by the external unit
• RF parts of the RL transmitting chain which contain the power amplifier (PA)
• The SOC meter used to measure the state of charge of the battery
The UE and/or the sensors and terminal can be integrated within a single case. An example is the modem GT 1100 5 produced by Orbcomm. This bidirectional M2M terminal is used to perform asset tracking via VHF-band over satellite and contains an integrated GPS sensor. The internal battery, which is also solar-powered, is used to also power the GPS sensor.
V. APPLICATION SCENARIOS
Utilization scenarios for ultra-low-power M2M terminals which can be commercially attractive are:
• Fixed/mobile terminal LEO VHF and L band ) experienced by terminals when they are in different locations within the return link coverage area of the satellite and/or when they experience different propagation conditions.
• potential margin on the link-budget ( ) which could be used to introduce active PU (i.e., by statistically varying the output power or the terminals within a given interval:
] . This contribution is present when, for instance with a VSAT terminal on KuKa-band, part of the link-budget margin (usually the whole margin is used as protection against rain fading events) can be used to introduce terminal power unbalancing. In addition, the value ( ≤ ) used as power unbalancing could be dynamically increased/reduced depending the weather conditions experienced by terminal using forward link signaling.
The result of this study will provide the value of to be used by in the performance assessment. The focus was initially on considering 5 scenarios, having the characteristics listed in Table I. Among the five scenarios, two are considering LEO orbital systems and three GEO orbital systems. While for the LEO we considered the footprint diameter dimension from the data of reference systems, in case of GEO we have to take into account that every GEO system could be implemented in a different way leading to different beam width. The footprint diameter has been considered for estimating the different path lengths between the satellite and the ground stations and the impact of the different directivity for both satellite and earth antennas. To this aim in the following we have considered in a different way the LEO and the GEO scenarios: in case of LEO the two ground stations have been set in the nadir and at the border of the footprint, respectively, while in case of GEO, in order to have a fair comparison we have instead considered to have two distinct points, located at a sufficient distance, that are Palermo, Italy and Helsinki, Finland. They have also different climatic regions for considering a different effect of the atmospheric attenuations.
The main results of the analysis carried out where the values are estimated by considering the main effects are presented. In Table II Δ values are evaluated by considering the difference between the minimum elevation point and the maximum elevation point, while n.a. stands for an information that is not available at the best of our knowledge. It is worth to be noticed that while represent a loss unbalance, / and represent, respectively, a gain unbalance. The main power unbalancing values are summarized, by focusing on both passive and active in Table II .
VI. PERFORMANCE ASSESSMENT
The considered scenario is composed of a population of Ultra-Low Power M2M terminals using E-SSA-based CDMA air-interface to asynchronously access the LEO/GEO satellite return link. Even though the considered air-interface is S-M2M, 6 which is an adaptation of the S-MIM E-SSA air-interface to 300 kHz channelization, the results of the present work can be easily extended to other E-SSA-based air-interface such as S-MIM [4] and F-SIM [6] .
It is assumed that the communication system is operated using all the available Spreading Factors (i.e., 16, 64 and 256) of S-M2M (multi-SF system). In addition, the same info payload and coding scheme are considered for all the possible transmission modes. In this light, it is possible to assume that the / margins of SF(64) and SF(256) are, respectively, 6 dB = 10 64 and 12 dB = 10 log 256 higher than the / margin of SF(16) thanks to their higher processing 6 The S-M2M standard is an extension of the S-MIM protocol, intended for access to interactive messaging services, since it does not require coordination between users thus minimizing the signaling overhead required for the access control. It has been developed in the framework of the ESA ARTES project Frequency Flexible M2M Terminal Modem Development [7] .
gains. The / margin of SF(16) should be equal to or higher than the usual margin adopted to safely operate a communication link. In the following, / equal to -13 dB is considered. Under this assumption, the safety margin is 2 dB considering that the C/N threshold for SF(16) at PLR equal to 10 is about -15 dB. Figure 4 shows the possible 35% increase in channel throughput of the S-M2M system (1.4 from to 1.9 bit/chip) in the presence of an Additive White Gaussian Noise (AWGN) channel when using multi-SF with the different SFs delivered on-air with the following offered traffic (mac-load) (p/s) percentages: 10%-30%-60%. Using the E-SSA system, SIC is more efficient when the power level of the received signal is uniformly distributed in dB. To reach such a situation, for instance, the power level of the emitted RF signal may uniformly range from the maximum allowed output power and the minimum value for which the link-budget is still closed
]. At the terminal side, this can be achieved by introducing the so-called "power unbalancing," i.e., by randomly changing the RF output power within a range using a given statistical distribution. 7 The following power unbalancing ranges at terminal side are adopted in the rest of the document in presence of AWGN channel:
• SF (16) A further increase in the above power unbalancing ranges can be possible, for instance, by increasing the maximum output power of the terminals. Finally, / = −13 is also adopted in the presence of power unbalancing meaning that 2 dB of margin on the / threshold is still present when transmitting with the lowest power levels. 7 The power level of the emitted signal is, however, kept constant for the duration of the packet More efficient SIC means that the channel efficiency of CDMA E-SSA system is increased in the presence of power unbalancing. The above mentioned / threshold is computed by the link-budget calculation assuming that a terminal is operable also in the worst scenario, i.e., when it is at the beam edge with reduced G/T, max distance from the satellite. This means that the difference in "path-loss" between the beam edge, the basis for calculating the / threshold, and the beam center can be considered, at ground side, as an additional factor ( ) which further increases the unbalancing power range of the signal at the input of the demodulator. In other words, the power unbalancing range experienced at gateway side is greater because of the which is independent from the used SF As seen in the previous section, typical delta path-losses of the commercial satellite systems can range from a fraction of dBs to several dBs. In the following, equals to 3 dB is considered (i.e. a fraction of the typical value of L-band GEO systems).
As shown in Figure 5 , the overall throughput with mac-loads [10%; 30%; 60%] further increased to 2.05 bit/chip. On the other end, the maximum throughput in presence of the considered power unbalancing ranges is obtained when only SF=256 is used. The explanation is quite simple; in fact, using 12 dB as power unbalancing for SF(256) means that all the available power dynamic range is used by this SF which is also the most efficient one. The optimization of the percentages of the macload required to maximize the system throughput was not part of this activity. Consequently, the following the values [10%; 30%; 60%] are assumed as a good tradeoff between the need of maximizing the throughput and the need of using lower SF to reduce power consumption. The presence of channel impairments such as phase noise can decrease the gains due to the multi-SF and to the power unbalancing. This is because packets with higher SFs (low bitrate) can be strongly impacted by it. Figure 6 shows that the power unbalancing of higher SFs shall be reduced in the presence of phase noise to protect those packets from the effects of phase noise. In Table III the phase noise mask used for the simulations are shown. The maximum throughput in presence of AWGN and phase noise is obtained when the following power unbalancing ranges (defined as separated power because now the power level ranges emitted with different SFs are not overlapped) are used at terminal side:
Finally, the delta path loss term is accounted at gateway side by shifting the above range by ΔPL (see the purple curve in Figure 6 ). Figure 7 illustrates the steady-state probabilities of the batteries when a single spreading factor (64 or 256) is always used by every ground terminal. In these cases, no power unbalancing is used. Clearly, the use of larger SFs leads to higher energy consumption; therefore, the devices are in outage most of the time. The outage probability is shown by the red section bars. An outage event happens when there is not enough energy to transmit a single packet. On the other hand, using SF = 64 the transmissions are fully sustainable by the energy arrival process, and the batteries are fully charged almost all the time. In this case, the probability of energy overflow 8 is high, whereas the outage probability is negligible.
An intermediate solution, which balances the two spreading factors, may be beneficial in terms of outage and overflow probabilities. The steady-state when the transmission manager is used is shown in Figure 8 . It can be clearly seen that the outage probability is greatly reduced (lower than 10 ) with respect to the case with only SF = 256. By changing the thresholds, the throughput can also be maximized by adapting the percentage of utilization of the different SFs as showed above.
Another way to reduce battery consumption is to use power unbalancing at terminal side. As said, the output power levels of each terminal can be randomly selected within a range
] where typical values of ΔP for an AWGN channel are ΔP(16)= 0 dB, ΔP(64)=6 dB and ΔP(256)=12 dB.
9
If power unbalancing is used, channel efficiency is further increased and also the mean values of the output power of the terminals is decreased as shown below. The mean value of the reduction in the output power levels for each spreading factor is ΔP(SF)/2. In 8 Energy overflow means that energy collected by solar panel cannot be stored within the battery because it is fully charged. In presence of the considered phase noise the values are: ΔP(16)= 0 dB, ΔP(64)=4 dB and ΔP(256)=4 dB. 10 We are assuming that the power consumption of the whole terminal is dominated by the power consumption of the PA. This is true when the output the presence of an ideal Power Amplifier (PA) = 1 , this corresponds to the mean value of the reduction in DC consumption.
10
If all the SFs are emitted with the considered percentages (10%; 30% and 60%), the overall mean value of the reduction in DC power consumption of the whole terminal equipped with an ideal power amplifier is 4.5 dB11 with AWGN channel and 8.1 dB with AWGN plus Phase Noise (PN).
The efficiency of a real RF power amplifier depends on several factors such as the PA class, the maximum allowed output power level, PA efficiency is defined as the ratio between the RF power emitted by the PA and the DC power used to power it. The difference between these two values is converted in heat. The value of depends on the actual power level of the output signal and can be expressed as
= .
As a matter of fact, PA efficiency usually decreases when lower power level is emitted by the PA. For these reasons, the definition of a suitable model of the power consumption of an M2M terminal is not an easy task. The power consumption of a realistic PA can be computed as:
power is not very low and/or when the transmission packet rate of each terminal is not very low. Otherwise, the consumption during the sleep and active states shall be also considered. where P , = P P , ⁄ is introduced for considering the DC power consumption of the PA when RF power is not generated. 13 Considering that it is quite difficult to estimate P , , a possible way to provide a rough and probably conservative estimation of its value is to assume that the value should be not higher than 15% of the maximum RF power for a well-designed PA. The following values of The reduction in DC power consumption ( ) due to the presence of the terminal power unbalancing decreases from the maximum value to zero as the PA efficiency passes from 1 (ideal PA) to the less efficient PA Classes (Ideal Class A PA for which the DC power consumption is constant). This is shown in Table  IV .
From a technical point of view, it is realistic to assume that an ultra-low power M2M terminal using E-SSA-based airinterface (i.e. S-MIM and S-M2M) could use a non-linear amplifier (that is no Class A) due to its intrinsic robustness to non-linearity. However, it is possible to create a constant envelop signal using both CPM or GMSK spreading techniques [8] . This would meet the need to use very economical and more power efficient switching PA, and thus very low linear as class D or higher. The mean reduction in DC power consumption due to the presence of power unbalancing using realistic non-linear PA is assumed to be approx. 3.09 dB with AGWN only and 5.94 dB with AWGN + PN channel.
These results can be considered a very important achievement because both the solar panel and the battery specs. (i.e., solar panel surface and battery charge storage capacity) can be relaxed by a factor 3.09 dB (AWGN) and 5.94 dB (AWGN + PN), as a result.
On the other hand, it is self-evident that when a linear Class A amplifier is used, the adoption of the power unbalancing cannot lead to any reduction in power consumption while the improvement in channel efficiency is clearly still present.
VII. CONCLUSION
Two techniques for energy management in M2M SatCom ultra-low power terminals exploiting energy harvesting have been presented and studied in this paper. It has been shown that the adoption of power unbalancing leads to a reduction of 3.09 dB (in AWGN channels) and of 5.94 dB (AWGN channels + PN) in both the solar panel size and battery charge capacity or, alternatively, the transmission rate can be increased by the same values. Therefore, the SF selection strategy can be adopted within the new sized terminal to further optimize energy consumption (minimization of outage and overflow events) and at the same time to maximize the channel efficiency (ensuring the same on-air percentage of the different SFs 10%-30%-60%). Future work aims at analyzing the extension of these results to LEO orbits affected by the Doppler effect.
